Introduction
Many of the freshwater lakes, streams, and reservoirs in North Africa suffer from nutrient enrichment resulting in increases in algal growth and in particular organic substances, which may cause water eutrophication particularly in stratified deep reservoirs (Benzha et al. 2005; Remini 2010 ). The main effects caused by eutrophication include impacts on water within the reservoir itself, on treatment plant control (flocculation, filtration and disinfection…) and distribution systems, and on water end-users (taste, odour and colour of waters). These effects can alter water quality and water supply (Chorus and Bartram 1999; Carmichael 2001) .
In Tunisia, there was a growing concern about eutrophication especially for the Sidi Salem reservoir (Krause, 1984) , which benefited from extensive research. Later, in 1988, Lars and Ulf ranked it as mesotrophic to eutrophic based on chlorophyll a levels. In a previous study, Sternick (1991) based his observations on nutrient levels (nitrogen and phosphorus) and associate parameters (Secchi transparency, temperature, dissolved oxygen) and classified the Sidi Salem reservoir as mesotrophic to eutrophic state. In a later study by Jean and Rejeb (1997) , the authors studied 26 hill reservoirs in Central and Northern Tunisia and highlighted that no lake shows signs of eutrophication.
The focal objectives of the present study were to investigate key factors that control water quality in the Sejnane reservoir in Northern Tunisia and to provide a comprehensive assessment of its trophic state by evaluating the performance of common models such as TSI of Carlson (1977) , probability distribution diagrams of Vollenweider (OECD 1982) , and fixed boundary systems of the OECD (1982) and of Nürn-berg (1996) . of the Sejnane River and has been impounded since 1994 to provide water for drinking and irrigation.
The geology of the catchment includes Triassic to Quaternary deposits. The Sejnane region is dominantly a succession of reddish sandstone and silty clays (Crampon 1971) . Each sandstone horizon is approximately 100 m thick and consists of fine to mediumgrained sand with some lenses of coarse conglomerate (25-30 cm in diameter). The interbedded argillaceous layers are generally greenish to greyish in colour and about 30 cm thick (Castany 1953; Rouvier 1977) .
Materials and methods

Sampling and analysis
The sampling duration of the Sejnane reservoir lasted from November 2001 to October 2011. Samples were taken monthly at 9 sites of collection (B1 to B9 stations), which cover most of the surface area ( Figure  1 ). Transparency readings were performed in situ with a 20 cm Secchi disk (SD). Samples for dissolved oxygen (DO) determination were taken from 2-metre vertical intervals in plain glass bottles by using the acid modification of the Winkler method (APHA 1976) . Nutrient concentrations (P, N) and turbidity were measured from water samples taken at 5 m vertical intervals. In order to prevent biological decomposition, chloroform 0.5% was added to the samples. However, separate samples for Chlorophyll a (Chl a) were taken at multiple intervals of 2 and 5 metres. The water samples were stored in an appropriate packing material and transported in a dark cooler. Upon receipt in the laboratory, each water sample for nutrient analyses was filtered through 0.45 µm Whatman GF/F glassfibre filters. Turbidity measurements (expressed in Nephelometric Turbidity Unit, NTU) were performed using a HACH 2100P turbidimeter. Chlorophyll a was extracted in 25 ml 90% ethanol and its concentration was determined by the colorimetric method (Lorenzen 1967) . Samples for nutrient analyses were stored in the dark at 4°C before being analysed within two days following the AFNOR standard methods (1994) . Nitrogen was analysed as nitrate (NO 3 -), nitrite (NO 2 -) and ammonium (NH 4 + ), phosphorus was analysed as total phosphorus (TP) and ortho-phosphorus (PO 4 = ). The climatic and hydrologic data, such as precipitation, inflows and outflows, were obtained from the archives of the Ministry of Agriculture.
Data treatment
The residence time of the reservoir was estimated by dividing the water volume by the discharge at the outlet expressed in million cubic metres. In a bounded system, this time is often approximated by the flushing time (TF=V/Q 0 ) (Straškraba et al. 1995; George and Hurley 2003) , where V and Q O are, respectively, the volume of stored water in the reservoir and the daily volumetric outflow rate.
The rank of a hydrosystem trophic state is often assessed by measuring several criteria such as nutrient abundance, column water transparency, phytoplankton growth, etc. None of these criteria was a direct measure of trophic state per se, but rather acted as indicators of it (Carlson 1977; OECD 1982) . This is why we tried an array of different methods to assess the productivity of the Sejnane reservoir. The Troph- The strict boundary value between the trophic ranges is often unclear and undetermined with accuracy. Vollenweider (OECD 1982) developed a probabilistic approach that recognizes the uncertainty of the trophic designations and assesses the trophic state as a probability. In this model, the reservoir can be classified as ultra-oligotrophic, oligotrophic, mesotrophic, eutrophic or hypertrophic based on the probability distributions of mean concentrations of TP and Chl a measured during the growing season and annual mean of SD in the water body (OECD 1982) . The fixed boundary systems of the OECD (1982) and of Nürn-berg (1996) state that the allocation of a given lake or reservoir to a trophic category should not be based only on one or three parameters as suggested by previous models, but on the total available information, such as Chl a peak, minimum SD, annual mean of total nitrogen (TN) and dissolved oxygen depletion rate.
In order to synthesize the primary key relationships between different parameters, a multivariate technique such as Principal Component Analysis (PCA) was performed using the XLStat add-in program (Addinsoft 2012) . The data introduced to run the PCA are structured in a matrix of 11 individuals (years of monitoring) and 10 variables which include nutrients (total phosphorus, ortho-phosphorus, total nitrogen and dissolved inorganic nitrogen), N to P ratio, Chl a, Secchi transparency, turbidity, residence time and precipitation with approximately more than 232 single observations each. As the participation of these parameters on the overall variability of the system is not known in advance, the standard deviation and the correlation of Pearson (n) were used as proposed by Chatfield and Collin (1980) , and Davis (1986) .
Results
Water inflows and residence time
Water inflows show significant pulses with a wet season lasting from September to April, which accounted for more than 90% of annual flow, and a dry season for the rest of the year. The seasonal patterns of the daily water level are opposite to that of the daily residence time (Fig. 2) . The residence time of waters shows a striking variation ranging from a few days (12 days) in the dry season to 10,000 days during the high flow season. Indeed, the intent of the widespread flood-operation is to preserve public properties on the downstream side of the dam by reducing the outflows. The residence time of the reservoir is 285 days on average, which reflects a relatively slow renewal of waters. Such residence time promotes, theoretically, complete cleaning of the reservoir during the current cycle. Following the classification of Straškraba and Tundisi (1999) , the Sejnane reservoir appears to be considered an intermediate thermal stratified system.
Water oxygenation, nutrients and chlorophyll a
Waters are homogenous and well oxygenated during winter and spring (9-12.6 mg dm -3
; Fig. 3a ). By late spring to early summer, the upper part of the water column is always sufficiently oxygenated, whereas in the bottom waters, the dissolved oxygen levels steadily decline to reach 1-4 mg dm -3 and the oxycline extends from approximately 10 m down to 20 m depth. Near the water-sediment interface, where the decomposition of organic matter is active (Talling and Lemoalle 1998), DO tends sometimes to reach zero (0.1 mg dm -3 ) during strong thermal stratification, which announces anoxic hypolimnetic conditions (Richards 2009; Wannamaker and Rice 2000) .
Waters show sometimes high contents of total phosphorus with respect to the aquatic guideline of 0.1 mg dm -3 (US EPA 1983) . Values range from 0.01 to 0.814 mg dm -3 with an average of 0.1 mg dm -3
. Levels of orthophosphorus, a form of phosphorus that can be directly assimilated by plants and algae, are low (0.002-0.05 mg dm -3 ) and represent from 0 to 96% of TP (Fig. 3b) .
The total nitrogen concentrations range from 0.01 to 7 mg dm -3 and show a significant variation over time and space (Fig. 3c) . Surface waters and downstream waters are often richer in TN than those at the bottom and at the upstream with maximum gradients of 2.7 and 2 mg dm -3 respectively. The dissolved inorganic nitrogen (DIN) concentrations remain less than 7 mg dm -3 during the period of monitoring (Fig. 3d ). Nitrates constitute the major part of DIN and vary between 0.1 and 4 mg dm ). During late-summer stratification, ortho-phosphorus and nitrate levels show a slight increase attributed to the sediment release and degradation of organic matter mainly in the anoxic bottom waters (0-1.5 mg dm -3 of DO). The long-term trend in nutrient concentrations indicates a slight decrease but it is not statistically significant (r≤0.2). The N to P ratio of Redfield (1958 Redfield ( , 1963 , Guildford and Hecky (2000) , and Dzialowski et al. (2005) , was calculated in the euphotic zone of 0-15 m, where the biological activity of phytoplankton was favoured as well as at the reservoir bottom. The N to P ratio shows large fluctuations in time and according to the depth (Fig. 3e) . At normal operating conditions of the reservoir, values are in general greater than 8 and range from 20 to 200 with a mean of 104.6, which suggests that the Sejnane reservoir is not conducive to an excessive algal development due to phosphorus limitation as mean N to P ratio is greater than 29. Overall and apart from some high levels in Chl a concentration (40 µg dm (Fig. 3f) . The maximum values are often observed during spring and late summer to early fall when nutrients are more available. Surface waters (0-6 m) were on average 6 to 15 times richer in Chl a compared to those in deep waters.
Water clarity and euphotic zone
Except 2002 where the reservoir was transparent with a mean turbidity value of 3.68 NTU over the entire water column (Fig. 4) , during the rest of the period, waters were turbid and mean values were almost 20 NTU in summer and 45 NTU in winter due to the high erodibility of soils in the watershed (Khanfir 1984 (Khanfir , 1989 Delaa 1995; Marzougui and Ben Mammou 2006) , and dam desilting (292 NTU in February 2005) .
On the surface, the turbidity generally varies between 0.4 and 40 NTU. However, to 5-10 m above sediments, it increases rapidly to reach excessive values (140-250 NTU) particularly along the main axis of the reservoir (B1 to B4 stations).
The Secchi disk transparency exhibits a weak downward trend over time (r=0.23). Values vary between 0.15 and 3.6 with an average of 1.3 m, which indicates a general low visibility of waters. Overall, the transparency increases from the upstream (B4 and B3 stations) to the downstream (B1 station). The lowest values of transparency were recorded in winter and spring (0.15-1.6 m) due to active mixing of waters and inflows. The depth of the euphotic zone (Zeu) calculated according to the equation of Dufour (1984) , ranges from 0.38 to 9.21 m (Fig. 4) . These results suggest that most of the chlorophyll biomass colonizes the top ten metres of the water column. (Fig. 5) . The trophic statue of the reservoir is oligotrophic in most regards (57%) and to a lesser degree mesotrophic (23%) for the considered period. The summer TSI(SD) ranges from 51 to 72 with an average of 57.2 and falls essentially in the eutrophic range (86%). The spring TSI(TP) (mean from March to May) are relatively in excess; calculated values range between 49 and 76. Waters are often eutrophic (86%) more than hypertrophic (14%). The global TSI index, determined by averaging the above elementary indices as stated by Carlson (1977) , shows a stable annual variation ranging from 46 to 60 (Fig. 5) . Hence, the reservoir is ranked mainly eutrophic to mesotrophic during the whole period of the test, which is in full concordance with the Secchi transparency index.
The deviation values of TSI(Chl a)-TSI(SD)
and TSI(Chl a)-TSI(TP) are less than zero during the whole period of the record, which indicates that water visibility is mainly controlled by the predominance of smaller particles and TP surplus ( Probability distribution diagrams of Vollenweider: The probability distribution of trophic range based on TP fluctuates significantly between years (Fig. 7) . Values oscillate between hypertrophic (0-73%, mean 19%), eutrophic (7-61%, mean 35%) and mesotrophic (1-64%, mean 37%). Considering the whole period of the test, waters have more chance to be mesotrophiceutrophic (71%) rather than hypertrophic (19%) or oligotrophic (9%). Scores based on Chl a vary from ultra-oligotrophic (0-92%, mean 19%) to eutrophic (0-39%, mean 8%), and are concentrated around oligotrophic (6-60%, mean 38%) to mesotrophic ranges (0-59%, mean 35%). One exception is 2001, when eutrophic conditions were prevalent and the reservoir's water was more likely oligotrophic-mesotrophic (73%) rather than ultra-oligotrophic and eutrophic. Secchi disk transparency was 77 to 100% indicating that the reservoir was hypertrophic-eutrophic over the sampling years. Mesotrophic range coincides with the dry ) divided by the pond surface area (m 2 ) at the mid-level of water vs. time for the period of stratification (days). According to this system, TP concentration classifies the reservoir as mesotrophichypertrophic mainly eutrophic (Table 2) . However, the TN and to a lesser degree the areal hypolimnic oxygen depletion rate rank it essentially as oligotrophic, which is in concordance with Chl a classification. Secchi transparency measurements evaluate the reservoir predominantly in the eutrophic-hypertrophic range during most of the study period.
Discussions
The correlation circle on the F1 and F2 axes (Fig. 8) displays that SD and DIN parameters are , where it reaches a probability of 7 and 22% respectively and announces an improvement in water clarity.
Fixed boundary system of the OECD (1982):
The system defines boundaries for annual means of total phosphorous, chlorophyll a, Secchi transparency, chlorophyll a peak and Secchi transparency minimum. The TP levels evaluate the trophic status of Sejnane reservoir as eutrophic with a sharp trend to meso or hypertrophic ranges (Table 1) , while levels of both Chl a entries evaluate it essentially as being in the oligotrophic range, which can occasionally tend to the ultra-oligotrophic or mesotrophic range. However, SD entries rank the reservoir as frequently hypertrophic and rarely meso to eutrophic ranges despite the low productivity in the reservoir expressed by Chl a entries. This may mean that waters are primarily transparency limited. closer to the centre and, consequently, they participate somewhat in the overall variability of the system. The rest of the parameters are far from the centre and they constitute a homogeneous population in which all used variables are strongly interdependent and equitably important. The F1 axis explains the response of algal biomass (chlorophyll a) to nutrient availability (TP, Ortho-P and TN), along with the squared cosines which are more than 0.63. However, the F2 axis defines clarity and renewal of waters (squared cosines greater than 0.436) and to a lesser degree the N/P ratio (squared cosine = 0.377). The precipitation has a squared cosine of 0.5 between the F1 and F2 axes and seems to play a key role in the water quality changes (Zouabi Aloui and Gueddari 2009). The inverse relationship between Chl a and nutrients, in particular with Ortho-P (r=-0.9), is due to their assimilation by phytoplankton that promotes Chl a growth to the detriment of phosphorus and nitrogen (Table 3 ). The lack of any correlation above the statistically significant threshold between DIN and Chl a, and between DIN and Ortho-P may be due to the diffusion rate of nitrogen at the air-water interface and the equilibrium between different phases of nitrogen in the reservoir (nitrification/denitrification, ammonification …).
Residence time is orthogonal to annual precipitation (squared cosine ≈ 0), which implies that the renewal of waters depends mainly on hydraulic management of the reservoir contrarily to what can occur in natural lakes. Moreover, the residence time was inversely and strongly correlated to turbidity (r=-0.82), due to inflow regime and sedimentation rate of clay particles. The residence time increases in response either to a decrease in outflows or to an increase in inflows or to both. As transparency of waters is usually improved during the dry season, the inverse correlation between residence time and turbidity may be owing to the very short filling of the reservoir (few days) compared to its renewal, which takes 9 to 10 months (285 days on average).
In addition, the negative correlation primarily between precipitation and TP (r=-0.824) and secondarily between the other forms of nutrients (r≤-0.442) may be attributed to the dilution of waters by surface runoff. Chl a is moderately correlated to precipitation (r=0.586) and turbidity (r=0.513) indicating that the algal biomass development may depend on the regime of inflows that provides the reservoir with nutrients and controls the clarity of the water column. The negative correlation between turbidity and Ortho-P (r=-0.622), may be due to the adsorption of phosphate by soil colloids.
The biplot of variables and individuals based on the F1 and F2 axes (Fig. 9 ) reveals that most of the hydrological cycles (more than 63%) are strongly Carlson (1977) to evaluate productivity are slightly stable, close to each other and ranged mostly between mesotrophic and eutrophic states. This is due, on the one hand, to logarithmic scale, which reduces wide-ranging quantities to smaller scopes and, on the other hand, to the fact that the model uses values from the same period where the measured parameter is at its maximum value, which reduces the effects of contrasted and irregular climate.
The TSI(Ortho-P) values are closer to the biological index TSI(Chl a) than those computed based on TP due to poor mineralization during spring. The high values of TSI(SD) are due to the relatively excessive sedimentary turbidity in the water body .
On the whole, TSI(TP) and TSI(SD) values compare favourably to each other. However, the TSI levels for Chl a were significantly lower than the other TSI values (Fig. 5) . This indicates that algal development is not only phosphorus limited, but also disfavoured by turbidity.
The difference between global and elementary trophic state indices lies between 20 and 39 recorded in 2004 and 2002 respectively. This implies that one selected index, and possibly more, is not a good predictor of the trophic state in the reservoir. The calculation of the global trophic index by averaging elementary TSIs may give an inaccurate estimation (Carlson and Simpson 1996) . As the index is an expression of productivity (algal biomass), chlorophyll a is the better predictor than either of the other two indices (Carlson 1977) .
TP and to a lesser degree SD measurements generally predict higher levels of productivity compared to the Chl a parameter due to sedimentary turbidity, which contributes to decreasing water clarity and promotes the adsorption of phosphorus into soil particles, which decreases, indirectly, the bioavailability of phosphorus. Also, the relatively long residence time of waters (9-10 months) supports the restitution of phosphorus in the sediment that can be released when anoxic conditions are prevalent (Kröger et al. 2012) . Regarding previous observations, TP would be omitted as a trophic status indicator in the final TSI value since it is often abnormally high and not fully bioavailable. However, SD should continue to be a good estimator for the overall water quality of the reservoir as it is closely associated with the global trophic index.
According to the Vollenweider probabilistic model (OECD 1982) , the productivity in the reservoir differs significantly between TP, Chl a and SD predictors and changes from oligotrophic to hypertrophic , due to the irregular regime of inflows and phosphorus loading. As previously mentioned, the Secchi transparency predictor gives waters a high probability to be hypertrophic-eutrophic, while Chl a gives them a high probability to be oligotrophic-mesotrophic. Besides, Chl a probabilities remain relatively steady in terms of dominant classes despite significant variations in the TP concentrations. This implies that water clarity is the primary factor limiting phytoplankton growth in the dam. Hence, SD should be omitted as a good predictor as it diverges too far away from Chl a prediction.
The fixed boundary system of the OECD (1982), classifies the reservoir most often in mesotrophic to hypertrophic ranges. Both annual mean and minimum Secchi transparency over-ranked the reservoir as hypertrophic essentially despite the low rate of productivity or the predisposition to promote it in the reservoir expressed respectively by chlorophyll a entries and total phosphorus. What emerges from the fixed boundary system of the OECD (1982) led to the conclusion that algal growth is strongly limited by water column transparency.
In the fixed boundary system of Nürnberg (1996) , both total phosphorus and Secchi transparency annual boundaries often over-ranked the reservoir as eutrophic to hypertrophic, which is not in concordance with Chl a, total nitrogen and the areal hypolimnic oxygen depletion rate (Table 2 ). This implies a clear limitation of algal growth by transparency of the water column and phosphorus bioavailability. However, many similar turbid artificial lakes -such as Lake Krugersdrift in South Africa -experienced serious adverse effects of cyanobacteria (Walmsley et al. 1980; Allanson et al. 1990; Oberholster et al. 2013) .
As the sensitivity of the reservoir to light limitation remains poorly understood, special attention should be paid to the upper catchment in order to apply best management practices that can maintain the primary productivity at its lowest level. Decreased sediment siltation and phosphorus loads are possible, but trophic state may shift during low flow periods, once light limitation is removed (McDowell et al. 2004) . In particular, managers should stabilize streambanks and prevent erosion, deforestation and land misuse.
Conclusions
The results presented and discussed above have yielded the following conclusions:
• The Sejnane reservoir has no excessive algal growth as indicated by chlorophyll a mean concentrations, which remain less than 20 µg dm -3 in most of the period of the record.
• Based on chlorophyll a, the main criteria of productivity, the Sejnane reservoir commonly exhibits a mesotrophic condition, which may show sharp trends to oligotrophic or eutrophic depending on the model used. The moderately clear waters with limited summer hypolimnetic anoxia support exclusively oligotrophic to mesotrophic conditions. • The sedimentary turbidity in the reservoir decreases water column clarity and promotes the adsorption of phosphorus to soil particles, which limits chlorophyll a growth.
• For all tested models, total phosphorus and Secchi transparency parameters overestimate the productivity in the Sejnane reservoir. They would be omitted as good trophic state indicators respectively from all tested models and from fixed boundary systems since they are abnormally high compared to chlorophyll a. With the exception of the Carlson index, the probabilistic model of Vollenweider (1982) , and the fixed boundary systems of the OECD (1982) and of Nürnberg (1996) have some restrictions in interpreting the non-algal turbidity effects on biotic and abiotic water quality parameters. The Nürnberg model (1996) and to a lesser degree the Carlson index, appear to be the most suitable methods for evaluating primary productivity in the Sejnane reservoir, since they provide a clear internal coherence between self-indicators and an accurate quantitative assessment of productivity.
